Macroautophagy/autophagy is a cellular degradation process that sequesters organelles or proteins into a double-membrane structure called the phagophore; this transient compartment matures into an autophagosome, which then fuses with the lysosome or vacuole to allow hydrolysis of the cargo. Factors that control membrane traffic are also essential for each step of autophagy. Here we demonstrate that 2 monomeric GTP-binding proteins in Saccharomyces cerevisiae, Arl1 and Ypt6, which belong to the Arf/Arl/ Sar protein family and the Rab family, respectively, and control endosome-trans-Golgi traffic, are also necessary for starvation-induced autophagy under high temperature stress. Using established autophagyspecific assays we found that cells lacking either ARL1 or YPT6, which exhibit synthetic lethality with one another, were unable to undergo autophagy at an elevated temperature, although autophagy proceeds normally at normal growth temperature; specifically, strains lacking one or the other of these genes are unable to construct the autophagosome because these 2 proteins are required for proper traffic of Atg9 to the phagophore assembly site (PAS) at the restrictive temperature. Using degron technology to construct an inducible arl1D ypt6D double mutant, we demonstrated that cells lacking both genes show defects in starvation-inducted autophagy at the permissive temperature. We also found Arl1 and Ypt6 participate in autophagy by targeting the Golgi-associated retrograde protein (GARP) complex to the PAS to regulate the anterograde trafficking of Atg9. Our data show that these 2 membrane traffic regulators have novel roles in autophagy.
Introduction
Autophagy is a lysosome/vacuole-dependent mechanism which is used to sequester and degrade cytoplasmic components by using specialized vesicular structures that will ultimately fuse with the degradative compartment. 1 Autophagy is essential for survival under stressful conditions; it can serve as a way for cells to overcome starvation and is responsible for the removal of protein aggregates, damaged organelles, and for developmental remodeling. Thus, it plays an important role in controlling intracellular homeostasis. 2 Autophagy can be roughly divided into selective and nonselective forms. In this paper, we will use the term "autophagy" to refer to the nonselective form, also called macroautophagy.
Generally, autophagy starts by sensing an upstream signal that is controlled by the target of rapamycin (TOR) protein complex. Then a phagophore forms at the phagophore assembly site (PAS) and encloses cellular components such as misfolded proteins or damaged organelles. The expansion of the phagophore leads to the formation of a double-membrane structure called the autophagosome. Subsequently, the autophagosome, which contains the cytoplasmic components to be degraded, fuses with the vacuole, transferring the cargo for subsequent hydrolysis. The inner membrane as well as the engulfed cargo are degraded and the resulting building blocks are released into the cytoplasm by vacuolar membrane permeases for reuse. 3 The autophagy machinery, encompassing more than 40 autophagy-related (ATG) genes in S. cerevisiae and other fungi, is complex and highly regulated. 4 Although most cytoplasmic contents can be turned over through nonselective autophagy, in some situations, substrates or organelles are degraded by specific forms of autophagy. For example, in yeast, 3 vacuolar proteases, the precursor forms of Ape1 (aminopeptidase I; prApe1), Ams1 (a-mannosidase; prAms1) and Ape4 (aspartyl aminopeptidase; prApe4) are synthesized in the cytoplasm and transported to the vacuole for further processing through a selective autophagy pathway named the cytoplasm-to-vacuole targeting (Cvt) pathway. [5] [6] [7] The Cvt pathway shares high similarity with autophagy and requires most of the ATG genes, except it is predominant during growing conditions, whereas autophagy is strongly induced by starvation. 8 Upon induction of autophagy, a complex consisting of Atg17-Atg31-Atg29 assembles with Atg1 kinase and Atg13 to serve as the platform for other Atg proteins to form the autophagosome. 9 Then Atg9, a transmembrane protein, brings additional membrane to establish the phagophore. The initiation step of vesicle nucleation and efficient elongation of the phagophore requires the covalent attachment of phosphatidylethanolamine (PE) to Atg8. Atg4 proteolyzes the C terminus of Atg8, exposing a glycine residue, which is followed by attachment of PE to Atg8, making it phagophore-associated Atg8-PE. At this point, Atg8 is fully activated and recruits membrane for the elongation of the phagophore and eventual establishment of the autophagosome. 10 Besides the Atg proteins, autophagy also requires membrane sources to form the autophagosome. There is ample evidence, particularly in S. cerevisiae, that many membrane-traffic regulators, including several monomeric GTP-binding proteins are indispensable for autophagy. 11 Examples include the Rab protein family members Ypt1, Ypt31-Ypt32 and Ypt7, [12] [13] [14] and the Arf/Arl/Sar family members Arf1-Arf2 and Sar1. 15, 16 These monomeric GTP-binding proteins function in different stages of the secretory or endocytic pathway. When autophagy is triggered, these proteins participate in different steps of autophagy, from recruiting membrane components to the PAS to forming the autophagosome and regulating the fusion between the autophagosome and the vacuole.
Previous work has shown that Arl1 and Ypt6 are important regulators of membrane traffic. Arl1 belongs to the Arf/Arl/Sar family, while Ypt6 is a member of the Rab family. Both function at the trans-Golgi membranes, regulating vesicular traffic between the trans-Golgi network (TGN) and the early endosome. Like other GTP-binding proteins, when associated with GTP, Arl1 and Ypt6 are associated with membranes and control vesicle traffic; but when the GTP is hydrolyzed into GDP, they remain in the cytoplasm and are inactive. [17] [18] [19] Specifically, the GTP-bound form of Arl1 controls vesicle trafficking in 3 different pathways, recruiting the golgin protein Imh1 to the TGN, recruiting the clathrin adaptor protein Gga1, 20 and transporting the glycosylphosphatidylinositol-anchored protein Gas1 to the plasma membrane. 21 In addition, a multisubunit tethering complex called GARP (Golgi-associated retrograde protein)/VFT (Vps53) interacts with Arl1-GTP as determined by affinity chromatography. 22 Although deleting ARL1 seems to have no effect on the cellular localization of the GARP complex, 22 Arl1 shows synthetically lethality and physical interaction with Vps53, one of the subunits of the GARP complex, 23 indicating that at least some functions of the GARP complex overlap with Arl1.
Ypt6 has not been studied as thoroughly as Arl1 and many of the other monomeric guanine-nucleotide binding proteins. However, GTP-bound Ypt6 also shows the ability to bind to the GARP complex through interaction with the Vps52 subunit. 24 Because both Arl1 and Ypt6 interact with subunits of the GARP complex, the 2 proteins may have some overlapping functions. This hypothesis is in keeping with genetic evidence that demonstrates these 2 proteins show synthetic lethality with one another, meaning that cells lacking both ARL1 and YPT6 are nonviable. 23, 25 In this paper, we show Arl1 and Ypt6 are required for autophagy under high-temperature stress. Yeast lacking either ARL1 or YPT6 are able to conduct autophagy normally at the permissive temperature of 30 C but have a complete defect at the restrictive temperature of 37 C. Furthermore, we found the defect at 37 C in arl1D and ypt6D strains is a result of a block in anterograde trafficking of Atg9 to the PAS at high temperature. Importantly, upon construction of a conditional double mutant, we observed that the double mutant was defective for autophagy at the permissive temperature. Finally, we found the targeting of the GARP complex to the PAS was defective at high temperature when either ARL1 or YPT6 was deleted. Therefore in this work, we demonstrate that these 2 monomeric GTP-binding proteins, Arl1 and Ypt6, in addition to their established roles as regulators of membrane trafficking, have novel roles in autophagy.
Results
Arl1 and Ypt6 are involved in autophagy at 37 C Arl1 and Ypt6 are both involved in vesicle trafficking between the TGN and the early endosome. 17, 19 To investigate whether Arl1 or Ypt6 is required in autophagy, we first examined growth in the presence of rapamycin, a TOR inhibitor that induces autophagy. 26 Previous studies have shown that cells with autophagy defects cannot grow in the presence of rapamycin. 27 A strain with the deletion of the gene ATG1, which is essential for autophagy, 28 was used as the negative control for this and subsequent experiments. We found arl1D and ypt6D strains were able to grow on plates containing 5 ng/ml rapamycin at 30 C but, surprisingly, not at 37 C, suggesting that autophagy in these 2 strains was inhibited at high temperature (Fig. 1A) . Because autophagy in yeast can also be induced by nitrogen starvation, we tested the ability of wild-type (WT), atg1D, arl1D, and ypt6D strains to survive in nitrogen-deficient (SD-N) liquid medium at both 30 C and 37 C, followed by plating on nitrogen-replete medium. We found results similar to the rapamycin growth experiment in that the arl1D and ypt6D strains had a significant defect (i.e., similar to the atg1D strain) in ability to form colonies after incubation in SD-N medium at 37 C. The arl1D and ypt6D strains had an intermediate phenotype at 30 C (Fig. S1 ). To confirm that Arl1 and Ypt6 have roles in autophagy at 37 C, an assay that follows cleavage of a modified version of Atg8, green fluorescent protein (GFP)-Atg8, was used to monitor the transport of Atg8 to the vacuole through autophagy (Fig. 1B and C). Once autophagy is triggered, Atg8 is normally conjugated to the lipid PE on its C terminus, which helps expand the membranes of the autophagosome. 29 The protein GFP-Atg8 will thus be transferred to the vacuole through autophagy. While inside the vacuole, Atg8 will be degraded, but the GFP moiety is resistant to degradation and can therefore be detected as free GFP on western blots if autophagy proceeds normally. Under nonstarvation conditions (0 time in Fig. 1B and 1C ), no free GFP was detected in any strain (WT, atg1D, arl1D, or ypt6D). Under starvation conditions, specifically incubation of cells for 3 h in SD-N medium ("3 h" in Fig. 1B and 1C ) at normal growth temperature (30 C), GFP-Atg8 processing was detected in WT, arl1D, and ypt6D strains, suggesting normal autophagy; whereas in atg1D, the negative control, no processing was observed, meaning defective autophagy. In contrast, no free GFP was detected in arl1D and ypt6D strains incubated at 37 C. Importantly, when the arl1D and ypt6D strains initially incubated at 37 C were transferred back to 30 C and starved for an additional 3 h, autophagy activity was recovered ("R" in Fig. 1B  and 1C) , indicating that the defect in GFP-Atg8 processing was not due to cell death.
We previously found the arl1D strain had increased sensitivity to H 2 O 2 (Fig. S2A) . In order to rule out the possibility that the autophagy defect occurs in response to stress in general, we performed the GFP-Atg8 processing assay under oxidative stress conditions, namely in the presence of 1 mM hydrogen peroxide (Fig. S2B ) and found arl1D and ypt6D strains were able to perform autophagy normally, suggesting that the autophagy defect is specifically related to heat stress.
In S. cerevisiae, the activity of a truncated form of the vacuolar alkaline phosphatase Pho8 (Pho8D60) is widely used to measure the magnitude of autophagy. 30 Normally, Pho8 is trafficked to the vacuole via part of the secretory pathway, where it is activated by proteolytic removal of a C-terminal propeptide. Upon removal of the N-terminal 60 amino acids, Pho8 can only be trafficked to the vacuole by autophagy. Thus, the amount of Pho8 enzymatic activity under these circumstances is a measure of autophagy. We therefore performed the Pho8D60 assay in arl1D (YSA003) and ypt6D (YSA004) strains at both 30 and 37 C (Fig. 1D) . The results show that the arl1D and ypt6D strains had a significant decrease in Pho8D60 activity compared with WT (YSA001) at 37 C but not at 30 C, consistent with the results of the GFP-Atg8 processing assay ( Fig. 1B and C) .
GTP-bound Arl1 and Ypt6 are able to suppress the autophagy defect of the arl1D strain or the ypt6D strain at 37 C As a GTP-binding protein 17, 18 Arl1 has several different conformations, which can be modeled using site-directed mutant alleles based on results from other members of the Ras superfamily. We investigated which alleles could complement the C. (A) arl1D and ypt6D strains are sensitive to rapamycin at 37 C. All strains were streaked on YPD C DMSO (4.57 nM) or YPD C 5 ng/ml rapamycin in DMSO and cultured either at 30 C or 37 C. Plates were photographed after 3 d of growth. (B) GFPAtg8 degradation was decreased in the arl1D strain at 37 C. WT (BY4743), atg1D, and arl1D strains were cultured at 30 C in nonstarvation medium until log-phase; then all the strains were incubated at 37 C or 30 C for 30 min. The cells were then washed twice with SD-N medium, and cultured in SD-N for 3 h either at 37 C or at 30 C. An aliquot of cells at 37 C were transferred back to 30 C and cultured in SD-N for an additional 3 h (denoted "R"). Whole cell lysates were subjected to immunoblot with anti-GFP antibody. (C) GFP-Atg8 degradation was decreased in the ypt6D strain at 37 C. The procedure was the same as autophagy defect. The Arl1 mutants used include Arl1 Q72L , a form of the protein that is predicted to be unable to hydrolyze GTP based on the comparisons with Ras and Arf1 proteins and thus is GTP-restricted; 31 Arl1 G2A , predicted to be myristoylation-defective and thus cannot bind to membranes; 17 Arl1 N127I , predicted to be unable to bind GTP compared to Ras and Arf proteins and thus is GDP-restricted; 32 Arl1 D130N , predicted to bind xanthine nucleotides in vitro by homology to Rab and thus to be nucleotide-free in vivo. 33 We transformed these alleles of Arl1 into the arl1D strain and performed the GFPAtg8 processing and Pho8D60 assays to determine which alleles suppressed the autophagy defect at high temperature ( Fig. 2A,  B) . From the results of the 2 assays we found that only the WT and the GTP-bound Arl1 Q72L were able to complement the autophagy defect at 37 C. Overall, these data suggest GTP-bound Arl1, the version active for membrane traffic, is essential for autophagy at high temperature.
For Ypt6, we performed a similar analysis, first generating GTP-restricted and GDP-restricted alleles of Ypt6, Q69L and T24N, respectively, 34 via site-directed mutagenesis. 35 We transformed all 3 alleles of YPT6 into the ypt6D strain and performed the GFP-Atg8 processing and Pho8D60 assays. The results demonstrate that the WT and the GTP-restricted Q69L forms of the protein complemented the autophagy defect of the ypt6D strain at 37 C ( Fig. 2C and D) , suggesting that the membrane-trafficking function of Ypt6 is important for autophagy at high temperature similar to what we observed with Arl1.
In additional to expression of different Arl1 alleles in the arl1D strain, we also overexpressed YPT6 in the arl1D strain to examine the epistatic relationship between Arl1 and Ypt6. As shown by the GFP-Atg8 processing assay in Figure S3A , the overexpression of YPT6 suppressed the autophagy phenotype to about the same extent as the overexpression of wildtype ARL1. However, when we did the converse experiment we found the overexpression of ARL1 in the ypt6D background could not suppress the autophagy defect of ypt6D cells at high temperature (Fig. S3B ). This result may suggest that Arl1 functions upstream of Ypt6. Alternatively, this may suggest that Ypt6 plays a larger role in autophagy than Arl1.
Atg8 is mislocalized in the arl1D and ypt6D strains under starvation conditions at 37 C
To directly monitor the autophagy phenotype, we visualized the transport of GFP-tagged Atg8 under starvation conditions at different temperatures by fluorescence microscopy ( Fig. 3A-C ). FM 4-64 was used to mark the vacuolar membranes. 36 Under nonstarvation conditions, a single GFP-Atg8 dot, denoting the PAS, 37 was detected outside the vacuole in all 4 strains (WT, atg1D, arl1D and ypt6D). Under starvation conditions at 30 C (Fig. 3B ), diffuse GFP labeling was observed inside the vacuole in the WT strain, indicating the normal processing of GFP-Atg8, consistent with the findings in Fig. 1B and C. In arl1D and ypt6D cells, although the vacuoles were not intact even at the permissive temperature as previously described, 38, 39 diffuse GFP was detected inside the small vacuolar fragments so that despite the fragmentation, these 2 strains were able to perform autophagy at 30 C, consistent with results shown in Fig. 1 . Under starvation conditions at 37 C (Fig. 3C ), the WT strain showed diffuse green staining within the vacuole. However, in the arl1D and ypt6D strains multiple green GFPAtg8 dots were found outside the vacuole fragments. This pattern was similar to atg1D, indicating defective autophagy in at 37 C. We also observed that the number of the GFP-Atg8 dots in the arl1D and ypt6D cells at 37 C was significantly higher than in the WT cells under the same conditions (Fig. 3D ). The mislocalization of GFP-Atg8 under these conditions indicates Arl1 and Ypt6 are required for the transport of GFP-Atg8 to the vacuole at high temperature.
Arl1 and Ypt6 are required for the formation of the autophagosome at 37 C
The multiple dots of GFP-Atg8 in the arl1D and ypt6D strains could either result from defective formation of the autophagosome so that Atg8 molecules accumulate in some abnormal location; or defective fusion between the autophagosome and the vacuole. In order to distinguish between these possibilities, we utilized the GFP-Atg8 proteinase protection assay 40 ( Fig. 4A ). Two deletion mutants, atg1D and ypt7D, which block the formation of the autophagosome or the fusion of the autophagosome with the vacuole, respectively, were used as controls. As shown in Fig. 4 , the GFP-Atg8 fusion protein was not detected in either the arl1D or the ypt6D strain upon treatment with trypsin, similar to the phenotype observed in atg1D, suggesting that Arl1 and Ypt6 are required for the formation of the autophagosome at high temperature (Fig. 4B ).
The conditional YPT6 and ARL1 double-knockout strain shows an autophagy defect at 30 C As mentioned previously, ARL1 and YPT6 show synthetic lethality. We therefore created a conditional double mutant to test the hypothesis that cells lacking both Arl1 and Ypt6 will be unable to perform autophagy at 30 C. In order to make the double mutant, we took advantage of the auxin-inducible degron (AID) system. 41 We first integrated the F-box protein gene TIR1 from Oryza sativa into the ypt6D strain, then subsequently tagged ARL1 by looping in a cassette containing 3 £ mini AID and 5 £ FLAG sequences on its 3 0 end. To induce the degradation of the Arl1 protein, 1-naphthaleneacetic acid (NAA) was added to the medium to a final concentration of 1 mM and the culture was incubated for 30 min. Next, autophagy was induced by nitrogen starvation along with continued treatment with NAA to prevent the accumulation of Arl1. The GFP-Atg8 processing assay was performed as described previously. As the result in Fig. 5A demonstrates, autophagy was completely inhibited at 30 C when this strain was cultured with NAA. As a control, Western blot analysis was performed to confirm that cells had undetectable levels of FLAG-tagged Arl1, the only version of Arl1 present. In the presence of the NAA carrier (ethanol), autophagy proceeded normally.
Because the effects of auxin are reversible, we also tested whether autophagy was recovered by removing the NAA. Cells were washed 3 times with SD-N liquid medium. After washing and further incubation in SD-N for 3 h we observed that autophagy was indeed restored, correlating with the reappearance of the Arl1 protein. We also confirmed that adding NAA alone Figure 2 . GTP-bound Arl1 or Ypt6 are able to suppress the autophagy defect of the arl1D or ypt6D strains at 37 C. (A) GFP-Atg8 degradation was recovered when the GTP-restricted form of Arl1 was expressed in the arl1D strain. WT Arl1, empty vector (YEp352), N-terminal myristoylation defective Arl1 (G2A), GTPbound Arl1 (Q72L), GDP-bound Arl1 (N127I), or nucleotide-free Arl1 (D130N) were transformed into the arl1D strain. The GFP-Atg8 processing assay was performed. (B) Pho8D60 activity was recovered when the GTP-restricted form of Arl1 was expressed in the arl1D (YSA003) strain. Error bars represent standard deviation from 3 biological replicates. The samples were done in 3 technical replicates for each biological replicate. (C) GFP-Atg8 degradation was recovered when the GTP-bound form of Ypt6 was expressed. Empty vector (pRS316), WT, GTP-bound Ypt6 (Q69L) or GDP-bound Ypt6 (T24N) were transformed into the ypt6D strain. The GFP-Atg8 processing assay was performed. (D) Pho8D60 activity was recovered when the GTP-bound form of Ypt6 was expressed in the ypt6D strain (YSA004). Error bars represent standard deviation from 3 biological replicates. The samples were done in 3 technical replicates for each biological replicate. EV, empty vector.
to the ypt6D strain (with the normal ARL1 allele) had no effect on autophagy (Fig. 5B) . The autophagy phenotype was further confirmed by using fluorescence microcopy to detect the GFP-Atg8 signal (Fig. 5C ). After addition of NAA, GFP-Atg8 remained as multiple green dots at 30 C in the cell, indicative of defective/stalled autophagy. After washing out NAA, a diffuse green phenotype was observed, demonstrating restoration of autophagy. In conclusion, upon deletion of both ARL1 and YPT6, cells are unable to perform autophagy even at 30 C.
Arl1 and Ypt6 are required for the anterograde trafficking of Atg9
Atg9 is an essential component for creation of the autophagosome and is localized in several cytoplasmic sites including the Golgi apparatus and mitochondria; it normally cycles between these organelles and the PAS. [42] [43] [44] The recycling of Atg9 from the PAS depends on several other Atg proteins including Atg1-Atg13 and Atg2-Atg18. 45, 46 Thus, if cells lack ATG1, the retrograde transport of Atg9 from the PAS is blocked. In this condition, the number of Atg9 dots per cell and the colocalization of Atg9 with the PAS marker prApe1 represent the level of the anterograde transport of Atg9 to the PAS. 47 Because Atg9 works upstream of Atg8 and we found that Atg8 is mislocalized in the arl1D and ypt6D mutants (Fig. 3) , we examined whether the trafficking of Atg9 is affected in these mutant strains. As shown in Fig. 6A , we found in starvation conditions at 30 C, the deletion of ARL1 or YPT6 in an atg1D deletion mutant background (YSA009, to make YSA010 and YSA011, respectively) had no effect on colocalization of Atg9-3£GFP with the PAS marker mRFP-Ape1, indicating that normal anterograde trafficking of Atg9 to the PAS occurred, consistent with the previous observations that autophagy occurred normally at this temperature. However, when we treated the cells under starvation conditions at 37 C (Fig. 6B) , we found both the atg1D arl1D and atg1D ypt6D strains showed multiple Atg9 dots in the cells while the atg1D strain had a single Atg9-3£GFP dot (Fig. 6C) . Thus, Arl1 and Ypt6 are required for the anterograde trafficking of Atg9 to the PAS at 37 C. It has been suggested that the Golgi apparatus is one of the origins for the autophagosomal membrane. 48 To test this hypothesis, we integrated DsRed-tagged Sec7 into strains of interest as a marker for the TGN. We performed the Atg9 trafficking assay in atg1D (YSA012), atg1D arl1D (YSA013) and atg1D ypt6D (YSA014) strains to determine whether Atg9 was trapped in the TGN, as we found a fraction of the Atg9-3xGFP protein could not be transferred to the PAS in atg1D arl1D and atg1D ypt6D strains at 37 C. As the results in Fig. S4 show, approximately 25% of the atg1D arl1D and atg1D ypt6D cells showed colocalization between the Atg9-3xGFP and Sec7-DsRed at 37 C, suggesting the origin of some of the Atg9-containing membrane is the TGN.
Arl1 and Ypt6 are also required in the Cvt pathway
To investigate whether Arl1 and Ypt6 are required in one of the selective autophagy pathways, specifically the Cvt pathway, the fate of mRFP-tagged prApe1 was examined. As shown in Fig. 7A , in nonstarvation conditions, WT cells (YSA005) showed a diffuse red phenotype indicating that the Cvt pathway was active. The negative control, the atg1D mutant (YSA006), showed a single red dot, demonstrating the Cvt pathway was incapable of transferring the mRFPprApe1 into the vacuole. In contrast, arl1D (YSA007) and ypt6D (YSA008) cells had more mRFP-prApe1 dots than the WT strain (Fig. 7B) , suggestive of a partially defective Cvt pathway in the 2 deletion mutants under nonstarvation conditions (Fig. 7A ). In addition, we found both the arl1D and ypt6D strains were able to undergo transfer of mRFPprApe1 to the vacuole with starvation at 30 C ( Fig. 7C ; diffuse red phenotype). However, when we increased the temperature to 37 C along with starvation, the ypt6D strain showed single red dots, whereas the arl1D strain showed the normal diffuse red phenotype (Fig. 7D) . To confirm these results, Western blots to follow the proteolytic processing of prApe1 to the vacuolar mature form were performed. As shown in Fig. 7E , neither the arl1D nor ypt6D strain could process prApe1 normally under nonstarvation conditions. Conversely, in the arl1D strain this defect could be reversed by nitrogen starvation at both 30 C and 37 C; in the cells lacking YPT6, the prApe1 processing defect could only be reversed by starvation at 30 C, again suggesting the autophagy defect in the ypt6D strain might be more severe than in the arl1D strain. In conclusion, Arl1 is required in the Cvt pathway only under nonstarvation conditions, but Ypt6 is required for this pathway in both nonstarvation and starvation conditions with high temperature stress. 
Arl1 and Ypt6 are required for translocating GARP to the PAS
With respect to the results shown above, it seems feasible that a regulator of autophagy that interacts with both Arl1 and Ypt6 malfunctions at high temperature when either Arl1 or Ypt6 is missing, or at the permissive temperature when cells lack both Arl1 and Ypt6. We hypothesized that the Golgi-associated retrograde protein (GARP) complex is the effector that connects Arl1 and Ypt6 with autophagy. First, Arl1 and Ypt6 share the ability to bind to subunits of GARP, Vps53 and Vps52, respectively. 22 Second, GARP not only affects the successful delivery of cargo via the Cvt pathway and the sorting of Atg9 from the mitochondria (the deletion of VPS52 blocks Atg9 sorting from mitochondria), 49, 50 but also recruits the syntaxin-like t-SNARE Tlg2 to the TGN. 24, 51 Further, the deletion of TLG2 affects the magnitude of autophagy as well as the anterograde transport of Atg9. 52 As the autophagy defect in both the arl1D and ypt6D strains can only be detected at high temperature, it is possible that GARP can be properly localized at the normal temperature if cells lack one protein or the other, but not both. However, at the restrictive temperature, the increased membrane fluidity or some other property of the membranes causes GARP mislocalization because a single protein, Arl1 or Ypt6, is no longer sufficient to retain GARP at the proper location. To test this hypothesis, we tagged the Vps52 and Vps53 subunits with GFP to see whether they were translocated to the PAS during autophagy at the restrictive temperature when either Arl1 or Ypt6 was missing. As the results in Fig. 8 demonstrate, Vps52-GFP colocalized with the PAS marker mRFP-Ape1 in the atg1D (YSA015), atg1D arl1D (YSA016) and atg1D ypt6D (YSA017) strains when autophagy was triggered (Fig. 8B compared to Fig. 8A ) at the permissive temperature, suggesting that GARP was transferred to the PAS during autophagy. Similarly, Vps53-GFP colocalized with mRFP-Ape1 in atg1D (YSA018) atg1D arl1D (YSA019), and atg1D ypt6D (YSA020) strains under starvation conditions at the permissive temperature (Fig. 8F  compared to Fig. 8E) .
However, we found in both the atg1D arl1D and the atg1D ypt6D strains that there were significant decreases in the number of cells that had colocalization between Vps52 and prApe1 ( Fig. 8C and D) or Vps53 and prApe1 ( Fig. 8G and H) at high temperature compared with the permissive Figure 5 . The YPT6 ARL1 conditional double knockout strain is defective for autophagy at 30 C. The YSA021 strain, containing the ARL1 AID allele, or the ypt6D strain was transformed with the pRS316-GFP-Atg8 plasmid. Cells were cultured until OD 600 D 0.6 and divided into 2 portions. One portion was cultured with 1 mM NAA for 30 min, another one was with 0.17% ethanol alone. Autophagy was induced as described. For the YSA021 strain, after 3 h in SD-N medium, an aliquot of the C NAA culture was washed 3 times by SD-N medium and cells were cultured in SD-N medium without NAA for an additional 3 h. All the samples were collected and subjected to either Western blot with the anti-GFP antibody and anti-FLAG antibody, or live-cell fluorescence microscopy. (A) GFP-Atg8 assay shows the degradation of Arl1 caused the autophagy defect in the ypt6D strain background (YSA021) at 30 C. This defect can be reversed by washing out NAA ("washed"). (B) GFP-Atg8 assay shows that adding NAA to the ypt6D strain did not affect autophagy. (C) Fluorescence microcopy shows the punctate phenotype of mislocalized GFP-Atg8 after Arl1 was degraded. The diffuse green phenotype of normal autophagy reappeared after NAA was removed. Scale bar: 3 mm.
temperature. We also observed that Vps52 and Vps53 had both diffuse and punctate straining in both the atg1D arl1D and the atg1D ypt6D strains at both temperatures, indicating that some Vps52 and Vps53 subunits cannot be localized properly when cells lack Arl1 or Ypt6. Overall, these data suggest the transfer of GARP to the PAS is dependent on both Arl1 and Ypt6 at high temperature.
Discussion
Autophagy is an important aspect of a cell 0 s survival strategy against stressful conditions. This process relies intensively on the transport of membrane in order to form the autophagosome. One of the major questions is the sources of the membrane components that make up the autophagosome. To date, many membrane-bound organelles such as the ER, 53 the mitochondria 54 and the Golgi apparatus 55 have been suggested to supply portions of the autophagosomal membrane. For example, many late secretory components localized in the TGN such as Sec4 and Arf1-Arf2 can be redirected and enable the network to send Golgi-derived vesicles to the PAS for the formation of the autophagosome. 13 These results demonstrate that components of the membrane traffic apparatus, such as the monomeric GTP-binding proteins and their effectors are important players in generating the membrane-bound compartments necessary for autophagy.
Previous work has elucidated roles for several monomeric GTP-binding proteins, 11 including some known to function in post-Golgi compartments, such as Ypt31-Ypt32. 13 In this study, we showed that 2 additional monomeric GTP-binding proteins that function in this area, Arl1 and Ypt6, also have roles in autophagy. However, their pattern in autophagy is significantly different from others that have been previously described. A simple knockout of one of these 2 genes did not impair autophagy at the permissive temperature, yet both arl1D and ypt6D strains showed completely defective autophagy at the restrictive temperature (Fig. 1B, 1C) . The defect appears to stem from an inability to form an intact autophagosome (Fig. 4) . This temperature-sensitive phenotype indicates some essential machinery of the early stages of autophagy fails to function properly at high temperature when one of 2 genes, ARL1 or YPT6, has been deleted. Upon degradation of Arl1 in the ypt6D background, cells were unable to perform autophagy even at the permissive temperature. The GTP-bound conformations of Arl1 and Ypt6 recruit their downstream effectors and regulate membrane trafficking in the cell. GTP-bound Arl1 interacts with Imh1, Gga1, and Vps53; whereas GTP-bound Ypt6 interacts with Vps52 and perhaps other proteins yet to be determined. In this study we confirmed that only the GTP-restricted alleles of Arl1 and Ypt6, Arl1 Q72L and Ypt6
Q69L
, respectively, which are the ones known to function in membrane traffic, were able to rescue the autophagy defect at high temperature. These results also suggest the ability to recruit downstream effectors such as the GARP complex by GTP-bound Ypt6 and Arl1 is essential in autophagy.
In addition, we found the anterograde trafficking of Atg9 is impaired in both the arl1D and ypt6D strains at high temperature, the result of the defective formation of the autophagosome rather than defective fusion between the autophagosome and the vacuole, suggesting that Arl1 and Ypt6 participate in the recruitment of Atg9-containing vesicles to the PAS. In both the arl1D and ypt6D strains at high temperature, the anterograde trafficking of Atg9 to the PAS is adversely affected, leading to an overall block in autophagy because the autophagosomal membrane cannot be constructed. Moreover, using Sec7-DsRed as the TGN marker, we are able to confirm in either the arl1D or ypt6D strains, some fraction of Atg9 was trapped in the TGN, further suggesting that the TGN is one of the origins of the autophagosomal membrane.
For the most part, the arl1D and ypt6D strains showed similar phenotypes, although in some instances the phenotypes observed in the ypt6D strain were slightly more severe. One important difference we observed was with respect to the Cvt pathway. Although cells lacking either ARL1 or YPT6 have a block in the Cvt pathway under normal growth conditions (at the permissive temperature and in nitrogen-replete media), the defect in arl1D can be overcome through starvation treatment regardless of the temperature. In contrast, the defect in the ypt6D strain can only be recovered by starvation at 30 C not at 37 C (Fig. 7) . Processing defects for prApe1 can be reversed by starvation, 50 where the autophagosomes supersede the ability of the Cvt vesicles to transport prApe1 to the vacuole. The fact that the ypt6D strain cannot transfer prApe1 to the vacuole under starvation conditions at the restrictive temperature is interesting because a previous study indicated prApe1 transits to the vacuole for processing even when autophagy is badly defective, such as in cells lacking Atg8, 56 so the precise role of Ypt6 in prApe1 traffic under starvation conditions remains to be resolved.
GARP is a multisubunit tethering complex that normally regulates the membrane trafficking between the endosome and the TGN by receiving cargo vesicles. 57 Some other tethering complexes in the secretory pathway have been shown to have roles in autophagy including the TRAPP (TRAnsport Protein Particle) complex 58 and the COG (conserved oligomeric Golgi) complex, 59 both of which help in the formation of the autophagosome. We tested whether the localization of the GARP complex is affected by loss of Arl1 or Ypt6 under conditions for autophagy. We found the localization of GARP subunits to the PAS required both Arl1 and Ypt6 at high temperature. Because GARP interacts with both Arl1 and Ypt6 and also functions in autophagy, this is consistent with our hypothesis that an important regulator of autophagy, which interacts with both Arl1 and Ypt6, fails to function properly at high temperature when one of the genes encoding these proteins has been deleted. Our model describing the roles of Arl1 and Ypt6 in autophagy is described in Fig. 9 . Normally Arl1 and Ypt6 are localized at the TGN and assist in targeting the GARP complex to the PAS, which regulates the anterograde trafficking of the Atg9-containing vesicle for the formation of the autophagosome. At the permissive temperature, the loss of Arl1 or Ypt6 does not affect the targeting of the GARP complex; thus, Atg9 can still be transported to the PAS. However, at the restrictive temperature the transfer of the GARP complex to the PAS is inhibited upon the loss of either Arl1 or Ypt6 and the resulting defect of anterograde trafficking of Atg9 inhibits autophagosome formation. When both Arl1 and Ypt6 are missing, the cells are defective for autophagy even at the permissive temperature. In conclusion we demonstrate here that Arl1 and Ypt6, both monomeric GTP-binding proteins that function in TGN-endosome traffic, also play unique roles in autophagy. These roles are likely due to their interaction with and ability to target the GARP complex properly to the PAS to receive Atg9-containing vesicles to create the autophagosome.
Materials and methods

Strains, plasmids and reagents
Yeast strains and plasmids used in this study are summarized in Tables S1 and S2. All yeast transformations were done with the lithium acetate method. 60 The deletion mutant strains atg1D, ypt6D, arl1D, ypt7D, and rpe1/pos18D were obtained from the homozygous diploid deletion collection developed by the Saccharomyces Genome Deletion Project. 61 Strains for the Pho8D60 assay were constructed as previously described. 30 To integrate mRFP-Ape1 (prApe1 tagged by the monomeric red fluorescent protein), Atg9-3xGFP, and Sec7-DsRed into the yeast genome, the integration plasmid pRFP-Ape1 (pRS305-mRFP-APE1) 62 (a gift of Daniel Klionsky, University of Michigan), pAtg9-3£GFP (pRS306-ATG9-3£GFP) 63 (a gift of Daniel Klionsky) and YIplac204-TC-Sec7-6xDsred-M1 64 were linearized by restriction enzymes AvrII, BglII and EcoNI, respectively. Homologous recombination was performed for integration into the APE1, ATG9, or SEC7 locus, respectively. To tag Vps52 and Vps53 with GFP, the GFP fragment bounded by the TRP1 gene was amplified from the plasmid pFA6a-GFP(S65T)-TRP1 65 with the gene flanking regions of the C-terminal regions of VPS52 and VPS53. Homologous recombination was performed for integration into the genome. In each instance, correct recombination was verified by PCR using diagnostic primers for the appropriate integration. All the chromosomal gene deletions were accomplished through PCR amplification of the nutritional markers HIS3 or URA3 from the plasmid pRS313 or pRS316 with gene flanking regions for recombination. Marker swap experiments were done as described previously. 66 To clone YPT6 into the pRS316 plasmid, a 1600-base pair fragment containing the YPT6 gene with its 5 0 and 3 0 untranslated regions was amplified from the yeast genome by using oligonucleotides with either a SacI or ClaI restriction site. The PCR product and the pRS316 plasmid were digested with SacI and ClaI. The digested products were ligated with T4 DNA ligase and transformed into E. coli. The resulting pRS316-YPT6 plasmid was confirmed by sequencing. YPT6 (Q69L) and YPT6 (T24N) were made by PCR-based site-directed mutagenesis, using the Q5 Site-Directed Mutagenesis Kit from NEB (NEB, E0554S), following the manufacturer's protocol. The presence of the desired point mutations was confirmed by sequencing. Sequencing here and elsewhere was performed by Genewiz (South Plainfield, NJ).
For construction of the YPT6 ARL1 conditional doubleknockout strain (ypt6D arl1 AID ), the TIR1 gene from Oryza sativa was integrated into the SSN6 locus of the ypt6D strain by cutting the plasmid pST1868 67 with BbvCI and performing homologous recombination. To tag Arl1 with AID, the fragment of 3xmini AID-5xFLAG along with the KanMX gene was amplified from the plasmid pST1933 67 with the primers containing gene flanking regions of the C-terminal region of ARL1. Homologous recombination was performed to integrate the fragment into the C terminus of ARL1.
Antibodies used were anti-GFP primary antibody from mouse (Roche Diagnostics, 11814460001); anti-Pgk1/phosphoglycerate kinase-1 antibody from mouse (Molecular Probes, A6457); anti-Ape1 antibody from rabbit (the gifts of Yoshinori Ohsumi, Tokyo Institute of Technology and Susan Ferro-Novick, University of California, San Diego), anti-FLAG antibody from mouse (Clontech, 635691), anti-mouse IgG horseradish peroxidase-linked secondary antibody from sheep (GE Healthcare, NA931) and anti-rabbit IgG horseradish peroxidaselinked secondary antibody from donkey (GE Healthcare, NA934). The enhanced chemiluminescence (ECL) prime kit was from GE Healthcare (RPN2236).
All chemical reagents were from Sigma-Aldrich, unless otherwise noted. FM 4-64 (N-(3-triethylammoniumpropyl)-4-(6-(4-(diethylamino) phenyl) hexatrienyl) pyridinium dibromide) (T3166) and geneticin (G418) (11811023) were from Thermo Scientific. Restriction enzymes were from New England Biolabs. Phusion High-Fidelity DNA Polymerase was from Thermo Scientific (F-534S). Zymolyase 20T was from Sunrise (320921). Molecular biology grade trypsin was from Roche (11047841001).
Yeast culture condition and the induction of autophagy
Yeast strains were grown in YPD (1% yeast extract, 2% peptone, and 2% glucose) or synthetic dropout (SD) media (2% glucose, 0.67% yeast nitrogen base without amino acids, supplemented with appropriate nutrients and magnesium sulfate). 68 Experiments to induce autophagy by nitrogen starvation were performed in SD medium lacking nitrogen (SD-N; 2% glucose, 0.17% yeast nitrogen base without amino acids, ammonium sulfate, or vitamins). All chemicals for media were from Fisher Scientific except yeast nitrogen base (Sunrise, 1500-500).
Yeast strains were normally grown at permissive temperature (30 C) in YPD medium or SD medium with appropriate supplements to maintain selection for the plasmids. To induce autophagy, yeast strains were grown until log phase (OD 600 D 0.6), incubated at either 30 C or 37 C in nonstarvation conditions for 30 min before washing twice in SD-N medium and further incubation in SD-N at the same temperature for 3 h. In some experiments, cultures were returned to 30 C for 3 h after incubation at 37 C (see appropriate figure legends).
Western blots
Proteins were extracted from yeast cells by using trichloroacetic acid (TCA) precipitation. Cells were collected, washed with 20% TCA then the pellet fractions were resuspended in 150 ml 20% TCA and subjected to glass bead lysis. The supernatant fractions were collected, and glass beads were subsequently washed with 300 ml 5% TCA. Proteins were pelleted by centrifugation, washed once with 100% ethanol, and solubilized in 90 ml 3£ SDS-PAGE sample buffer (60 mM Tris, pH 6.8, 10% glycerol, 100 mM DTT, 0.2% bromophenol blue, 2% SDS) plus 60 ml 1 M Tris, pH 8.0. After incubating at 95 C for 20 min, the insoluble components were removed by centrifugation (10 min, 10,000 £ g) and the supernatant fractions were subjected to Western blot. The total proteins from 0.8 OD 600 units of the cells (1 ml of cells at OD 600 D 1.0 corresponds to 1 unit) were separated on 4-15% pre-cast polyacrylamide gels (Bio-Rad, 456-9036), transferred to nitrocellulose membranes (Thermo Scientific, 88018), and subjected to protein detection using specific primary antibodies, followed by HRP-conjugated secondary antibodies (GE Healthcare, NA931 or NA934. Protein bands were visualized by using ECL Prime kit (GE Healthcare, RPN2236) and detected with an ImageQuant LAS 4010 imager (GE Healthcare). Each set of western blot experiments was repeated at least twice. Representative examples are shown in each figure.
Live-cell fluorescence microscopy
Yeast strains with GFP-tagged, RFP-tagged, or DsRed-tagged proteins were collected from rich medium (YPD or SD medium lacking the appropriate nutrients) or SD-N medium at different growth temperatures and washed once with water before imaging. To stain vacuoles, FM 4-64 was added to a final concentration of 1.6 mM for one h before visualization at 30 C or 37 C. Cells were visualized with a Zeiss AxioImager M2 florescence microscopy system using a 63£ oil lens. Images were captured and deconvolved using Volocity 6.3 (PerkinElmer) software. Each set of fluorescence microscopy experiments was repeated at least twice.
Pho8D60 assay
The Pho8D60 assay to quantify the magnitude of autophagy was performed as previously described. 30 Briefly, cell lysates from 0.5 OD 600 units of cells were incubated with 5.5 mM a-naphthyl phosphate (disodium salt; Sigma-Aldrich, N7255) for 20 min at 30 C in reaction buffer (250 mM Tris-HCl, pH 9.0, 10 mM MgSO 4 , 10 mM ZnSO 4 ). The reaction was stopped with an equal volume of 2 M glycine-NaOH, pH 11.0. Fluorescence emissions of the product 1-napthol were measured (λ ex D 330, λ em D 472) by using a GloMax plate reader (Promega) with a UV filter. Protein concentrations were determined by the Bradford assay. 69 All experiments were repeated 3 times with triplicate samples.
Precursor Ape1 processing assay
Cells were grown at 30 C until OD 600 D 0.6. Autophagy was induced as described. Five ODs of cells from time 0 and 3 h at 30 C, and 3 h at 37 C were collected. The cells were washed with water and 50 ml of the 2x protein sample buffer was added along with glass beads. All the samples were vortexed for 5 min and another 50 ml of the sample buffer was added. All the samples were boiled for 10 min and centrifuged. The supernatant fractions were collected and subsequently analyzed by western blot by using an anti-Ape1 antibody.
GFP-Atg8 proteinase protection assay
The GFP-Atg8 proteinase protection assay was modified from that previously described. 40 Briefly, after nitrogen starvation, cells were collected and washed once with DTT buffer (10 mM Tris-HCl, pH 9.4, 10 mM DTT). Then cells were incubated in DTT buffer for 15 min at 37 C, pelleted by centrifugation, then resuspended in SP buffer (1 M sorbitol [Sigma-Aldrich, S1876], 20 mM PIPES, pH 6.8). Zymolyase 20T was added to a final concentration of 0.4 mg/ml and cells were incubated for 25 min. The resulting spheroplasts were pelleted and hypotonically lysed in SP200 buffer (20 mM PIPES, pH 6.8, 200 mM sorbitol, 5 mM MgCl 2 .). Two centrifugation steps, the first at 5000 £ g for 5 min and collecting the supernatant fraction, and the second at 10,000 £ g for 10 min and collecting the pellet fraction, were performed to remove unbroken cells and debris. The supernatant fractions were divided into 3 parts: untreated; treated with 10 mg/ml trypsin; and treated with 10 mg/ml tryspin in the presence of 0.4% Triton X-100 (Sigma-Aldrich, T9284). Samples were incubated in 30 C for 25 min. The reactions were stopped by the addition of 100% TCA to the final concentration of 16.7%. Proteins were precipitated on ice for 10 min and collected by centrifugation (10 min, 10,000 £ g).
Protein pellets were washed twice with ice-cold 100% acetone. The pellets were dried and resuspended in 2£ protein sample buffer. Proteins were separated on 4-15% Tris-HCl gels as described above for western blots. Free GFP and GFPAtg8 were detected using the anti-GFP antibody as described above.
Auxin-induced degradation of Arl1
The YPT6 ARL1 conditional double-knockout strain (ypt6D arl1 AID ) was cultured until OD 600 D 0.6 and divided into 2 portions. One portion was cultured with 1 mM NAA (Sigma, N0640) for 30 min, another one was with 0.17% ethanol alone. Autophagy was induced as described. After the 3 h in SD-N medium, the portion with 1 mM NAA was washed 3 times with SD-N medium to wash out the NAA and cells were cultured in SD-N medium for an additional 3 h in the absence of added NAA. All the samples were collected and subjected to either protein gel blot with the anti-GFP antibody and anti-FLAG antibody, or live-cell fluorescence microscopy. 
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